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Abstract

Purified Clostridium histolyticum collagenase (CHC), an Food and Drug Administration-approved drug that does not affect nerves
or blood vessels, was assessed as a potential treatment for fibroids in this proof-of-principle study. Fibroids (1-4 cm, capsules
intact) and myometrial specimens from 5 patients were injected posthysterectomy with CHC or vehicle containing methylene
blue and incubated for 24 hours. Percentage of collagen-stained area was estimated using Masson-Trichrome-stained slides.
Collagen fibers were observed with picrosirius staining. Tissue stiffness was objectively measured by rheometry (complex shear
modulus [Pa]). Injected materials spread within and beyond fibroids as visualized by methylene blue. Of the 8 treated fibroids, 7
were softened and some contained liquefied centers. Relative percentage of collagen-stained area (mean + standard deviation) in
treated fibroids (38 + 12%; n = 7) was less than that in control fibroids (66 + 17%; n = 5). Treated myometrium (40 + 30%
collagen; n = 3) was similar to control myometrium (53 + 8%; n = 2). Picrosirius staining demonstrated loss of collagen fibers in
treated fibroids. Treated fibroids were less stiff (3630 + 2410 Pa; n = 4) than controls (5930 + 830 Pa; n = 4). Treated and
control myometrium had similar stiffness (2149 + 927 Pa; n = 3 and 3314 + 494 Pa; n = 2, respectively) and were never lique-
fied. In conclusion, injections of CHC into encapsulated fibroids are feasible and effective. Heterogeneity of collagen types and
quantities within individual fibroids may contribute to varied responses and need additional investigation. Further study of collat-
eral effects on myometrium is indicated. Injected CHC has potential for treatment of fibroids.
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induce necrosis, and hormonal treatments can affect fertility
and are contraindicated in patients with certain comorbid-
ities.>”” There would be an advantage to a minimally invasive

Introduction

Uterine leiomyomas (fibroids) are one of the most common

tumors in reproductive-age women in the United States,
with an incidence of >80% in African American women and
70% in white women detectable with ultrasonography by
age 50." They cause symptoms of menorrhagia, dysmenor-
rhea, pelvic pain and pressure, and infertility and are the
reason for over 200 000 hysterectomies annually.? The esti-
mated annual direct costs for medical and surgical manage-
ment of fibroids is substantial, ranging from approximately
4 to 9 billion US dollars.?

For women with contraindications to hysterectomy, who
desire less invasive treatment or who wish to preserve their fer-
tility, there are multiple less invasive medical and surgical
treatment options. These include oral and intramuscular contra-
ceptives, estrogen and progesterone receptor modulators,
gonadotropin-releasing hormone agonists, myomectomy, uterine
artery embolization (UAE), high-intensity focused ultrasound
(HIFU), and laparoscopic ultrasound-guided radiofrequency
volumetric thermal ablation.>”” Targeted destruction methods

fibroid treatment that does not induce necrosis and is
nonhormonal.

Fibroids contain abundant and disorganized extracellular
matrix (ECM). The main components of this ECM are abun-
dant, disorganized collagens.8 As one of the main ECM compo-
nents, collagens may serve as a vulnerable nonhormonal target
for treatment of fibroids.”
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Purified Clostridium histolyticum collagenase (CHC) was
Food and Drug Administration (FDA) approved in 2010 for
the treatment of Dupuytren contracture by local injection.'*-"!
The CHC is being studied as a potential treatment of other
multiple fibrotic diseases, including keloid scars, and was
approved in 2013 for the treatment of Peyronie disease.'? The
CHC consists of class I and class II collagenases with potent
binding affinity to interstitial collagens, particularly collagens
I and III. Class I CHC has particularly high affinity to mature
triple helical interstitial collagen with a preferred cleavage
site at the N and C termini. Class II CHC preferentially
cleaves the internal peptides and its preferred substrate is
small denatured peptides.'>!® The CHC mostly attacks col-
lagen types I and III, which are the most abundant collagen
types found in fibroids. The CHC cleaves multiple bonds in
the collagen molecule and thus is capable of completely
degrading the collagen molecules in the treated tissue.

This collagenase is readily inhibited by serum proteins and
thus is not active in the presence of serum.''*>*' The CHC
does not degrade type IV collagen, which is found in nerve
and blood vessel basement membranes.'®!'! Clinical studies
using this CHC showed no evidence of systemic side effects
nor blood vessel or nerve destruction in adjacent tissues,
including a recent study assessing CHC for the treatment of
Peyronie plaques, which immunohistochemically showed that
CHC had no detectable effect on blood vessels or nerves at
multiple doses and varying incubation periods.?*> Reported
adverse events with CHC injection for Dupuytren contracture
most commonly included local reactions, including peripheral
edema, contusion, injection site pain or hemorrhage, extre-
mity pain, injection site swelling, tenderness, ecchymosis,
lymphadenopathy, pruritus, and skin laceration.'' Possible
indirect nerve damage or resulting paresthesias from the
injection process could be attributed to edema, placing pres-
sure on the nerve itself, or directly hitting the nerve with the
injection needle; however, there is no evidence for nerve
degeneration as a result of this drug. Antibody formation to
CHC I and II has been detected in serum after treatment;
however, no adverse effects have been noted from these
antibodies.'®!'! All of this suggest that CHC would be a safe
candidate for direct injection into fibroids.

Our previous proof-of-principle studies showed the efficacy
of CHC injected into small pieces of fibroids. Tissues were sof-
tened and partially liquefied within 24 hours.>* The CHC spe-
cifically affected the ECM with no observed changes in cellular
architecture and nuclear structures. Therefore, pathological
evaluation of treated tissues was still possible.

This study was designed as a feasibility study and sought to
establish whether injection of CHC into intact encapsulated
fibroids is possible and will effectively degrade the fibroid’s
interstitial collagens and result in softening of the treated
fibroids. We used a fixed amount of collagenase and examined
injection volumes and distribution within and throughout the
injected tissue and monitored reduction in collagen and tissue
stiffness. This study provides necessary data to better design
future clinical studies.

Materials and Methods

Five women undergoing hysterectomy for benign indications
between August 2012 and March 2013 were selected for this
Duke University Medical Center institutional review board
(IRB)-approved study. English-speaking adult patients with
fibroids 1 to 4 cm in diameter were included. Patients with sus-
picion of malignancy, minors, and non-English speakers were
excluded. Since the goal of this study was limited to the effect
of CHC on fibroid collagen as well on the ability to inject
encapsulated tumors, the IRB approved the utilization of only
completely deidentified tissue. Demographic information such
as age or race, past medical or surgical history, and past hormo-
nal treatments of the patients were unknown; however, these
variables should not affect collagen degradation in this experi-
ment. After hysterectomy, uteri were examined under the
supervision of surgical pathology. Up to 3 intact fibroids 1 to
4 cm in diameter with up to 2 cm of surrounding myometrium
were removed per patient. Additional myometrial samples
were also obtained, up to 2 samples per patient. All solutions
used in these experiments contained penicillin, streptomycin,
and amphotericin B to prevent bacterial or fungal growth dur-
ing incubation times.

All samples were washed 3 times in phosphate-buffered sal-
ine (PBS). Tissues were photographed, measured, and palpated
for firmness. Between 2 and 4 hours after hysterectomy,
fibroids were injected using a 20G needle into the fibroid center
with 0 to 4 mg/mL of purified collagenase (BioSpecifics Tech-
nologies Corp, Lynbrook, New York). The collagenase was
added to a vehicle of 0.01% methylene blue in 0.3% CaCl,
in normal saline. Methylene blue was selected as a gross mar-
ker for spread of injection.?* Injection volume was determined
by calculating total fibroid volume. Initially, tissue was
injected with 100 puL/0.53 cm® of vehicle (0.01% methylene
blue in 0.3% CaCl, in normal saline) with or without collage-
nase at 1 mg/mL. After observing easy penetration of injected
fluid throughout and beyond the injected fibroids in the first
two patients, collagenase concentrations were increased to 4
mg/mL and volumes decreased to 25 pL/0.53 cm®. One control
sample did not receive any injection. All samples were incu-
bated in Dulbecco Modified Eagle Medium/F12 culture media
in a humidified CO, incubator at 37°C for 24 hours.

After incubation, the samples were again grossly palpated,
photographed, and measured. All samples were bivalved at the
injection site. Specimens were frozen at —80°C or formalin-
fixed and paraffin-embedded for histology. Slides were stained
with hematoxylin and eosin (H&E), Masson Trichrome (MT),
or Picrosirius Red (PR). Slides were imaged using a Zeiss Axio
Imager (Zeiss, Peabody, Massachusetts) microscope. The PR-
stained slides were imaged under polarized light.

Tissue stiffness was ascertained by determining the complex
shear modulus on thawed specimens on an AR-G2 rheometer.?
Tissue for the studies of tissue stiffness were frozen at minus
80°C until tested. Rheometry is a time-consuming process, and
consistent handling of samples was ensured by freezing all
samples at the time of collection and only thawing them shortly
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before measurements were taken. In addition, many CHC-
treated samples were extremely soft, and obtaining punch biop-
sies of equal size was only possible from frozen tissue. The
freezing and thawing process does not affect the stability of
collagen. We had previously measured very similar stiffness
(complex shear moduli) values in samples before and after
refreezing. Briefly, frozen tissue samples were partially
thawed, and depending on the size of the tissue samples, 1 or
2 punch biopsies were cored (5-mm diameter by 2- to 5-mm
high) from each sample. Cored samples were placed in a PBS
bath between 2 plates, and a compressive offset strain of 20%
was applied. Dynamic frequency sweeps were performed at an
increasing angular frequency from 1 to 50 rad/s. The magnitude
of the complex shear modulus was then calculated at 10 rad/
sec. Results from multiple punches of the same tissue (up to
2) were averaged.

Cellular architecture was evaluated by observation of the
H&E sections. Percentage of collagen was assessed on MT
slides, with collagen defined by the blue—green spectrum, 5
to 10 nonoverlapping areas (depending on the specimen size)
at 10x magnification were imaged as high-resolution .tiff files,
which then underwent semiquantitative analysis using Adobe
Photoshop CS6. All clear areas, including any vessel lumens,
were excluded from the total pixel count. The number of the
blue—green pixels as a percentage of total pixels was deter-
mined for each image and averaged with all images from that
slide. Differences in ECM organization were subjectively
assessed using PR staining, viewed under polarized light. Our
study design included descriptive statistics but did not include
analysis of statistical significance between groups since this
was an exploratory study to determine injection feasibility.
Given the small number of samples, we could not assess for any
possible dose-response relationship between the varying
concentrations and amounts of collagenase used. However,
determination of dose response was not our goal in this
proof-of-concept study.

Results

Five consented patients met all selection criteria. Thirteen
fibroids, 1 to 4 cm in diameter, were used. All fibroids were
stiff, intact, encapsulated, and had 1 to 2 cm of attached myo-
metrium. In all, 4 fibroids were used for vehicle injections, 1
fibroid was not injected, and 8 received collagenase injections.
Five separate myometrial samples were used for injection of
vehicle (n = 2) or collagenase (n = 3).

Vehicle-injected fibroids before and after incubation were not
visibly changed (Figure 1A and B). Collagenase-injected
fibroids were less stiff by palpation after incubation in 7 of 8
samples. Of 8 collagenase-injected fibroids, 4 were partially
liquefied (Figure 1 C through H). Collagenase-injected myome-
trium was less stiff by palpation than vehicle-injected myome-
trium. For all samples, measurement of fibroid diameter was
not different pre- and postincubation. However, many of the
collagenase-injected fibroids did have distortion of their shapes,
most notably in a fibroid 4 cm in diameter (Figure 1G and H).

In 7 of the 12 injected fibroids, penetration of methylene
blue dye into the surrounding myometrium was observed. This
was most noticeable in patient 1, where 350 pL of 1 mg/mL
collagenase was injected into the 1.8-cm fibroid and penetra-
tion was noted 2 cm distal to the fibroid outer edge (Figure
1C and D). After observing penetration of the dye into sur-
rounding myometrium in patients 1 and 2, the collagenase con-
centration was then progressively increased and injection
volume decreased; however, the initially planned dosage of
CHC per total fibroid volume remained constant. This
decreased the penetration of dye into the surrounding tissues.
Three 1-cm fibroids from patients 4 and 5 were injected with
less than 50 pL of 4 mg/mL, with minimal (up to 0.5 cm) or
no collateral spread of blue-stained injection material. The
maximum collagenase concentration used in this study was 4
mg/mL, and injection of 25 pl of the 4 mg/mL preparation into
a 1-cm fibroid was feasible and preferred over the initial pre-
paration, given the lack of gross collateral spread.

Hematoxylin and eosin-stained slides showed that cellular
architecture was maintained in collagenase-injected samples
(Figure 2A and D). The MT and PR slides showed a decrease
in the collagen-stained areas in treated samples (Figure 2 B, C,
E, and F). Myometrium adjacent to the injected fibroids’ cap-
sules showed less difference in percentage of collagen-stained
area between control and treated specimens, when compared
to the fibroids themselves (Figure 2G and H). The collagen-
stained area was measured by digitized pixel counts in
MT-stained slides. Values in collagenase-injected fibroids ranged
from 21% to 95%, with median of 41% (n = 8). The fibroid with
95% collagen-stained area was the only one with densely hyali-
nized collagen and was very stiff even after collagenase injection
and 24-hour incubation. In vehicle-injected fibroids, collagen-
stained area ranged from 38% to 83% with median of 66%.
Collagen-stained area (mean + standard deviation [SD]) was less
in nonhyalinized collagenase-injected fibroids (38% + 12%;n =
7) than in vehicle-injected fibroids (66 + 17%;n=5; Figure 3A).
Collagenase-injected myometrium values ranged from 14%
t073%, median 31% (n = 3). Vehicle-injected myometrium ran-
ged from 48% to 59% collagen (n = 2). We collected surrounding
myometrium from 4 of the collagenase-treated fibroids at 0 cm
(n=3),0.5to 1 cm (n = 3), and 1.5 to 2 cm (n = 4) away from
the fibroid capsule. There was less collagen-stained area in the
attached myometrium proximal to the fibroid capsule than distal,
suggesting that the effect of collagenase decreases rapidly with
increasing distance from the fibroid. Samples 1.5 to 2 cm from the
fibroid capsule had 53% + 10% collagen-stained area, similar to
vehicle-injected myometrium (Figure 3B). The PR slides were
viewed under polarized light to visualize birefringence of col-
lagen fibers and the content was subjectively judged. We
observed a loss of collagen fibers in all treated fibroids except for
1 fibroid from patient 5, which contained abundant amounts of
hyalinized collagen.

Objective measurements of tissue stiffness were obtained by
determining the complex shear modulus using a rheometer.
Values for collagenase-injected fibroids ranged from 1,382 to
16,065 Pa, median 3,677 Pa (n = 5), with the previously
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Figure . Fibroids during injection (left column A, C, E, and G) and post-24-hour incubation and bisection (right column B, D, F, H). Row I: (A,
B) I-cm vehicle-injected fibroid (26 pL of 0 mg/mL); note that the center stayed firm. Row 2: (C, D) 1.8-cm collagenase-injected fibroid (350 pL
of | mg/mL). Row 3: (E, F) 2-cm collagenase-injected fibroid (400 pL of | mg/mL); note liquefaction in the center. Row 4: (G, H) 4-cm
collagenase-injected fibroid (840 pL of 2 mg/mL). In some specimens, methylene blue dye is still visible upon dissection.

described hyalinized fibroid measuring 16,065 Pa. Vehicle- nonhyalinized collagenase-injected fibroids (3630 + 2410
injected fibroids ranged from 4,832 to 6,829 Pa, median Pa; n = 4) than vehicle-injected fibroids (5930 + 830 Pa; n
6,031 Pa (n = 4). Shear modulus (mean + SD) was less in = 4). Collagenase-injected myometrial samples ranged 1,432
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Figure 2. Histology slides using Hematoxylin & Eosin (H&E; A, D), Masson Trichrome (MT; B, E, G, H), and Picrosirius Red (PR; C, F) staining, at
10x magnification. Collagen appears blue—green on MT slides and yellow—orange on PR slides. Row |: (A, B, C) a |-cm control fibroid injected
with 100 pL of vehicle. Row 2: (D, E, F) a |-cm collagenase-injected (D, E, F) fibroid that was treated with 100 pL of | mg/mL Clostridium his-
tolyticum collagenase (CHC) in vehicle. G, Myometrium proximal to a control |-cm fibroid injected with 25 L of vehicle. H, Myometrium prox-
imal to a | cm treated fibroid injected with 25 pL of 4 mg/mL CHC in vehicle. (The color version of this figure is available at rs.sagepub.com.)

to 3,226 Pa with median of 1,924 Pa (n = 3), similar to the
range for vehicle-injected myometrial tissues (2965-3664 Pa;
n = 2; Figure 3C).

Discussion

Our data indicate that CHC injected into intact fibroids
degraded collagen and reduced stiffness in those fibroids, as
evidenced by decreased collagen staining and decreased com-
plex shear modulus. Reduction in collagen in myometrium
adjacent to collagenase-injected fibroids may be due to the
penetration of injected materials as visualized by methylene
blue. It is understood that the distribution of the methylene blue
and diluents may have been different from the distribution of
CHC. However, methylene blue was still a useful tool for deter-
mining the full extent of spread of the injection materials. It is
also likely that CHC penetrated through the samples and into
the culture media, as blue dye was seen seeping out of the tissue

edges and then was able to diffuse through the myometrial tis-
sue. Observation of myometrial collagen content at varying
distances from the fibroid capsule suggests that the effect of
collagenase may decrease rapidly with increasing distance
from the fibroid, an important point in assessing the safety of
this injection technique. Our observations led us to reduce
injection volumes in patients 3, 4, and 5 and reduced the pene-
tration of dye into surrounding myometrium. The important
finding was that increasing the concentration of the CHC in a
smaller volume of vehicle (diluent) limited the diffusion of the
enzyme into the surrounding myometrium. Drug concentration
can be further adjusted in future clinical trials.

We can speculate why the 1 hyalinized fibroid from patient
5 was the only fibroid unaffected by the CHC. The appearance,
size, and subjective firmness of this fibroid was similar to those
from other patients and did not show any evidence of increased
calcium deposits on gross inspection or H&E staining. The col-
lagen content and shear modulus were much higher than the
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Figure 3. A, Percentage of collagen-stained area + standard deviation (SD) on Masson Trichrome slides for vehicle-injected and collagenase-
injected fibroid and myometrium groups. B, Percentage of collagen-stained area + SD on Masson Trichrome slides for uninjected myometrium
at0,0.5 to |, and .5 to 2 cm from the capsule of collagenase-injected fibroids as well as for vehicle-injected myometrium that serves as control.
C, Tissue stiffness measured as complex Shear moduli (average + SD) for vehicle-injected and collagenase-injected fibroid and myometrium.

other studied fibroids, including control fibroids from the same
patient. It is possible that the dosage used in our study or the
incubation time was not sufficient to degrade the collagen in
this specific tissue. It is also possible that serum inhibitors of
collagenase may have rendered the injections less effective,
as there appeared to be more residual blood in this fibroid fol-
lowing the first wash. Serum inhibition of collagenase implies
that a higher dose of collagenase may be necessary to achieve
an in vivo therapeutic effect, a phenomenon that was noted in
studies conducted for treatment of Dupuytren contractions.'" It
has been shown that fibroids, even within the same uterus, have
varied growth rates, and some will grow while others
regress.’®?” This suggests differences in molecular composi-
tion of individual fibroids may exist, in fact, unique ratios of
collagen types have been observed in different fibroids.?
Fibrosis in tissues is felt to be due to the continued secretion
of ECM, especially interstitial collagens leading to increased
extracellular pressure and the induction of the mechanotrans-
duction pathways promoting myofibroblast formation and inhi-
biton of apoptosis. By degrading interstitial collagens, CHC

may reduce tissue stiffness and arrest the mechanotransduction
signaling that allows for continued buildup of matrix in the
treated tissue® and may even induce apoptosis of myofibro-
blasts.>® This theory, tested in other tissues, will be evaluated
in future clinical studies. Our current study was not designed
to determine whether ECM—cell mechanical dynamics would
in fact cause apoptosis of fibroid cells. This particular evalua-
tion is to be accomplished in planned future studies. It was not
feasible to evaluate this in our current study since the effect of
the reduction in mechanical tension takes place over a longer
period of time than the 24-hour time point evaluated in these
experiments.

In situ destruction of fibroids by HIFU, radiofrequency abla-
tion, and UAE, all cause necrosis of the target tissues, making
analysis by pathologists difficult should the tissues need to be
removed later. The CHC-treated tissues show no change in cel-
lular and nuclear architecture, which poses a distinct advantage
over the other necrosis-inducing minimally invasive options, as
it allows for pathological diagnosis. Since we only assessed
cellular architecture on slides and did not perform tests on
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cellular function, we cannot know at this time whether the
fibroid cells remain functional after collagenase treatment, and
this will need to be assessed in further studies.

Before clinical studies can be initiated, volumes and concen-
trations of injected CHC relative to the size of the fibroid have
to be determined. Volumes that are too large and concentra-
tions that are too high could adversely affect the surrounding
myometrium. Cells were visualized to remain intact, despite
digestion of some proximal myometrial ECM in this study.
Future clinical studies are needed to determine the dose and
time required to soften CHC-injected fibroids in vivo in the
presence of intact circulation and serum. Our current data
inform the design of those clinical studies as we have deter-
mined that CHC at the dose of 0.1 mg/0.53 cm® with a concen-
tration of 4 mg/mL can be injected into intact, encapsulated
fibroids and lead to the softening of the treated tissue. We
have also determined that an injection volume of 25 pL/
0.53 cm® will minimize penetration into surrounding tissues
while allowing for digestion within the fibroid. At this vol-
ume, there is a very limited diffusion of CHC into the sur-
rounding myometrium.

In summary, we have shown that CHC can be injected into
whole encapsulated fibroids and we have demonstrated that in
4 of 5 patients, CHC degraded fibroid interstitial collagen suf-
ficiently to change the tissue stiffness and collagen content.
This study is part of ongoing studies investigating the use of
this FDA-approved drug in the treatment of fibroids by local
injection either during hysteroscopy or during laparoscopy, or
perhaps by ultrasound-guided direct injection, for the treatment
of uterine fibroids in an outpatient setting. The 2 current FDA-
approved indications for CHC include Peyronie disease and
Dupuytren contracture, both of which are extraperitoneal,
superficially treatable conditions. Fibroid intratumoral injec-
tion in situ has the added challenges of accessibility to the tis-
sue, and the possibility of adverse reactions of surrounding
intraperitoneal structures. Safely accessing the fibroids could
be done by transabdominal or transvaginal injection with ultra-
sound guidance or by hysteroscopic or laparoscopic injection.
Reproductive endocrinologists are experienced in transvaginal
egg retrieval done under ultrasound guidance, using current
high-resolution ultrasound that allows them to identify and
avoid blood vessels. Fibroid vasculature is most dense at the
capsule, and since we intend to inject fibroids at their core,
where there are fewer Vessels,3 ! there would be a lower risk
of intravascular injection. We already know that CHC is inac-
tivated by serum proteins, and it is likely that intraperitoneal
fluid may also inactivate CHC, so a higher dose of CHC than
was used in these experiments may be required. We do not
know whether digested collagen that may leak into the perito-
neal cavity could trigger an inflammatory reaction in nearby
organs and tissues. However, degraded collagen is known to
be eliminated in tissues by the active scavenger response of
activated macrophages under physiological conditions. Thus,
a local inflammatory response would be anticipated. This
would not of itself be harmful unless it became chronic. Further
studies will be crucial in answering this question. As not all

fibroids are alike in terms of collagen content or type ratios, not
all fibroids may respond in the same way to treatment with
CHC, or they may require higher doses or multiple treatments
to achieve a therapeutic effect. It is possible that collateral
digestion might be prevented by serum inhibition as occurs
with the injection of Dupuytren cords. The CHC injection does
not cause tissue necrosis and this may be beneficial over other
uterus-preserving, in situ destructive treatments for fibroids
that induce tissue necrosis.
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